Mutants of simian virus 40 (SV40) lacking parts of the 72-and 21-base-pair repeat regions were made deficient in large T antigen by recombination with dLA4000, a mutant containing a frameshift deletion near the amino terminus of the T antigen genes. These double mutants were transfected into COS cells, and the amounts of replicated viral DNA were measured at various times thereafter. It was found that deletion of either the 72-or 21-base-pair repeat region did not significantly reduce the accumulation of viral DNA. However, cells transfected with mutants lacking both of these promoter elements accumulated 100-fold less viral DNA than cells transfected with wild-type SV40. This indicates that the 72-and 21-base-pair repeat regions are each sufficient for supplying a function required for efficient replication of SV40 DNA. In addition, the ability of either of these regions to support efficient replication was gradually reduced as the number of promoter elements within each was decreased. Since the 72-and 21-base-pair repeat regions bidirectionally induce transcription, our results indicate that bidirectional promoter elements play a role in the replication of viral DNA. However, fewer of these elements are required for efficient replication than for efficient transcription.
Mutants of simian virus 40 (SV40) lacking parts of the 72-and 21-base-pair repeat regions were made deficient in large T antigen by recombination with dLA4000, a mutant containing a frameshift deletion near the amino terminus of the T antigen genes. These double mutants were transfected into COS cells, and the amounts of replicated viral DNA were measured at various times thereafter. It was found that deletion of either the 72-or 21-base-pair repeat region did not significantly reduce the accumulation of viral DNA. However, cells transfected with mutants lacking both of these promoter elements accumulated 100-fold less viral DNA than cells transfected with wild-type SV40. This indicates that the 72-and 21-base-pair repeat regions are each sufficient for supplying a function required for efficient replication of SV40 DNA. In addition, the ability of either of these regions to support efficient replication was gradually reduced as the number of promoter elements within each was decreased. Since the 72-and 21-base-pair repeat regions bidirectionally induce transcription, our results indicate that bidirectional promoter elements play a role in the replication of viral DNA. However, fewer of these elements are required for efficient replication than for efficient transcription.
The region of the simian virus 40 (SV40) genome between nucleotide residues 5204 and 325 ( Fig. 1) contains the transcriptional promoters for both the early (2, 6, 13, 16, 17, 19, 22, 23, 36) and the late (4, 12, 24, 25, 31 ; G. Z. Hertz and J. E. Mertz, manuscript submitted) genes as well as the cis-acting elements required for the replication of viral DNA (3, 7, 10, 11, 15, 22, 28, 38, 44, 46) . The nucleotide sequence of this region has several interesting features (Fig. 1B) (14, 42, 52) : a 27-base-pair palindrome is centered around nucleotide residue 5243; a 17-base-pair A-T region extends from nucleotide residues 15 to 31; six copies of a G-C hexamer (CCGCCC) are distributed from nucleotide residues 42 to 101; a 21-base-pair tandem direct repeat extends from nucleotide residues 62 to 103 and overlaps four of the six copies of the G-C hexamer; and a 72-base-pair tandem direct repeat extends from nucleotide residues 107 to 250. The 17-basepair A-T region includes the TATA box involved in determining the initiation sites for the transcription of the early genes (2, 19, 22) . The G-C hexamers (6, 13, 16, 24 ; Hertz and Mertz, manuscript submitted) and the 72-base-pair repeat (4, 6, 16, 17, 23, 24, 31, 36 ; Hertz and Mertz, manuscript submitted) each contain promoter elements, which determine the amount of transcription for both the early genes and the late genes. Since the early and the late genes are transcribed in opposite directions ( Fig. 1) , these promoter elements appear to stimulate transcription bidirectionally.The 72-base-pair repeat is considered the prototypical transcriptional "enhancer" (32) .
Because the sequence from nucleotide residues 40 to 60 is very similar to the 21-base-pair repeated sequence, the entire region encompassing the six copies of the G-C hexamer will be referred to as the 21-base-pair repeat region. The 72-basepair repeat plus additional sequences adjacent to its late side (higher nucleotide numbers) will be referred to as the 72-base-pair repeat region (Fig. 1B) . When we wish to refer only to the 72-base-pair repeated sequence, we will not use the word region. These adjacent sequences are included in the 72-base-pair repeat region for the following reasons: (i) * Corresponding author. they contribute to the promoter activity for both the early and late genes (16, 17; Hertz and Mertz, manuscript submitted); (ii) several wild-type strains of SV40 duplicate part of these adjacent sequences in addition to most of the 72 base pairs duplicated in the prototypical SV40 strain WT776-e.g., SV40 strain WT800 duplicates nucleotide residues 187 to 271 (47) rather than nucleotide residues 179 to 250, the sequence duplicated in the prototypical wild-type strain; (iii) sequence homologies exist between these sequences and sequences in the 72-base-pair repeat (57); and (iv) duplications in these sequences can compensate for growth defects caused by deletions in the 72-base-pair repeat (48, 56; A. Barkan, Ph.D. thesis, University of Wisconsin, Madison, 1983; M. B. Somasekhar, A. Barkan, K. Cohen, and J. E. Mertz, manuscript submitted).
The sequence from nucleotide residues 5204 to 29 is the region critically required in cis for the replication of viral DNA (7, 10, 22, 28, 38, 44, 46) ; this region will be referred to as the core region of the replication origin (Fig. 1B) . In addition, Bergsma et al. (3) and Fromm and Berg (15) have demonstrated that one-third to two-thirds of the 21-base-pair repeat region is required for maximum levels of viral DNA accumulation in the absence of the 72-base-pair repeat region. While examining the set of mutants constructed by Fromm and Berg (15) for their ability to synthesize late mRNA, we observed that the 72-base-pair repeat region was required for maximum levels of viral DNA accumulation in the absence of the 21-base-pair repeat region. Here we show that bidirectional promoter elements are required for efficient viral DNA replication, but that efficient replication can be achieved with fewer of these elements than can efficient transcription.
(An account of this work was presented at the SV40, Polyoma, and Adenoviruses Meeting, [15] [16] [17] [18] [19] (5) . The counterclockwise and clockwise arrows depict the structures of the early and the late mRNAs, respectively, with dashed lines denoting intervening sequences and zigzag lines denoting locations of 5' ends (18, 20, 40, 41, 47) ; only the two most prominent spliced species of late mRNA are shown. (B) Detailed map of the SV40 promoter-origin region. The major 5' ends for early and late mRNAs are indicated by arrows. See Introduction for details.
pSVS contains wild-type strain SVS (also known as WT830) combined at its unique EcoRI site with the PvuII-to-EcoRI fragment of pBR322 in which the PvuII site has been replaced with an EcoRI recognition site (15) . This wild-type strain contains the same 72-base-pair tandem repeat found in the prototypical strain WT776. The pS, pX, and pXS plasmids are derived from pSVS and contain the S, X, and XS mutants of SV40, respectively (15 SV40 strain dIA4000, combined at its unique BamnHI site with the pBR322 derivative pKP772, was a gift from S. Datta and J. M. Pipas (personal communication). Lacking nucleotide residues 4974 through 5046 inclusively, it contains a 73-base-pair frameshift deletion near the amino terminus of the T antigen genes; therefore, it codes for truncated inactive T antigen proteins. A BglI-to-BamHI restriction fragment of the early region of pSVS was replaced with the corresponding region of dlA4000 to form plasmid pdlA4000, which served as the source of dlA4000 DNA for experiments and construction of further mutants. pdlA 4000 was subsequently recombined with pS and pXS plasmids to form double mutants containing deletions in both the promoter region and the T antigen genes. For simplicity, we will refer to mutants containing both promoter mutations and the dlA4000 mutation by the names of the original promoter mutants and will indicate in the figures which experiments were performed with mutants coding for inactive T antigen proteins.
Mutants A72 and A72/XS3, which precisely lack one copy of the 72-base-pair repeat, were constructed by excision of the smaller SphI fragment from pdIA4000 and pXS3 (containing the dlA4000 deletion), respectively. Mutant dl-1747, lacking nucleotide residues 271 U of penicillin per ml, and 100 ,g of streptomycin per ml.
Purification of nucleic acid. Total cellular nucleic acid was isolated at various times posttransfection. Cells were washed twice with ice cold Tris-buffered saline and lysed by addition of proteinase K solution (750 ,ug of proteinase K per ml, 50 mM Tris hydrochloride [pH 7.6], 10 mM EDTA, 1% sodium dodecyl sulfate; 1 ml/100-mm dish). The resulting lysate was transferred to a tube, incubated for 30 min at 37°C, extracted twice with phenol-chloroform-isoamyl alcohol (50:25:1), and extracted twice with chloroform-isoamyl alcohol (25:1). The nucleic acids were then precipitated twice with ethanol and suspended in 0.1 mM EDTA (pH 7).
Quantitation of replicated viral DNA. Two different strategies were used to distinguish replicated from nonreplicated viral DNA. Since the transfections were performed with DNA that had few if any supertwists (see above), fully supercoiled DNA was detectable only when the DNA had replicated in the monkey cells (see Results). Therefore, in the first strategy, the replicated viral DNA was assayed by measuring the amount of fully supercoiled viral DNA (3, 38) .
In the second strategy, the DNA samples were digested with the restriction endonucleases DpnI and EcoRV. DpnI cleaves SV40 DNA at eight sites, but only when the DNA is methylated by bacterial dam methylase; EcoRV cleaves SV40 DNA at one site. Since the transfecting DNAs were grown in dam' Escherichia coli HB101, only viral DNA molecules that subsequently replicated at least once in monkey cells were resistant to DpnI and therefore appeared as unit-length linear DNA.
When necessary to prove that the unit-length linear DNA remaining after incubation with DpnI was unmethylated and had not just escaped cleavage, DNA samples were incubated with the restriction endonuclease MboI after digestion with DpnI and EcoRV. Even though DpnI seemed to lose its activity during the course of its enzyme reaction, the samples were incubated at 65°C for 10 min before addition of MboI to ensure that the DpnI had been completely inactivated.
After incubation with the appropriate restriction endonucleases, the DNAs were fractionated by electrophoresis through gels of 1% agarose, transferred to nitrocellu- (Fig. 1A) , is required for the initiation of viral DNA replication (49) , it was important to distinguish cis-acting defects from trans-acting defects resulting from reduced intracellular concentrations of large T antigen. To ensure a constant level of large T antigen in cells transfected with different mutant DNAs, (i) mutants were frequently made totally defective in the synthesis of large T antigen by introducing the frameshift deletion present in mutant dlA4000 (Fig. 1A) , and (ii) mutants were always transfected into COS cells, which constitutively express large T antigen (21) . In this way, the amount of replicated viral DNA in the transfected cells was quantified under conditions in which the concentration of large T antigen was independent of the transfecting genome. Data obtained with mutants whose T antigen genes were inactivated by the deletion from dlA4000 are indicated by a superscript A in Fig. 3 Figure 2 shows the results obtained with several such mutants at 18 h ( Fig. 2A and C ) and 40 h (Fig. 2B and D) posttransfection; the precise structures of these mutants are shown in Fig. 3 . In Fig. 2A Fig. 2A and C, lanes 5 ). In Fig. 2C and D Fig. 2C , the SV40-specific band appearing in lanes representing both mock-transfected (lane 6) and virus-transfected (lane 5) cells came from the viral DNA stably integrated into the genome of COS cells.
Regardless of when the DNA was harvested, deletion of either the 72-base-pair repeat region (mutants XS13 and S-232) or the 21-base-pair repeat region (mutant XS3) resulted in a minimal decrease in the accumulation of viral DNA relative to the accumulation of wild-type DNA. However, deletion of both the 72-and 21-base-pair repeat regions (mutant XS6) resulted in a large decrease. At 40 h posttransfection, replicated XS6 DNA was readily detectable, but its accumulation was reduced approximately 10-fold relative to wild type. At 18 h posttransfection, supercoiled XS6 DNA was not detectable (Fig. 2A) ; nevertheless, a small amount of XS6 DNA was resistant to DpnI (Fig. 2C) . The amount of viral DNA resistant to DpnI was over 100-fold less in the cells transfected with XS6 DNA than in the cells transfected with wild-type DNA. The background of partially degraded unreplicated DNA presumably obscured the supercoiled XS6 DNA present at 18 h posttransfection.
To show that the unit-length linear XS6 DNA resistant to DpnI was the result of replication rather than incomplete DpnI digestion, this DNA was treated with MboI after treatment with DpnI and EcoRV. Since MboI has the same recognition sequence as DpnI but does not cleave DNA methylated by bacterial dam methylase, MboI will digest DNA that has replicated in monkey cells. As expected, the unit-length linear XS6 DNA was cleaved by MboI (Fig. 2 , lanes 5' and 10'). As another control, COS cells were transfected with S-352, a mutant lacking sequences essential for replication (7, 15, 22, 28, 38, 44, 46) . In this latter case, no unit-length viral DNA was detected after treatment with DpnI and EcoRV (Fig. 3) . These observations indicate that, within the limits of detection, only replicated DNA was totally resistant to cleavage by DpnI.
When monkey cells are transfected with fully supercoiled nonreplicating DNA-i.e., pBR322 DNA-a fraction of the DNA persists in the cells as supercoiled DNA (unpublished data). However, since the transfections in the experiments described here were performed with circular DNAs that had been relaxed by cleavage and ligation (see Materials and Methods), supercoiled DNA was detectable only when the viral DNA had replicated-i.e., when some of the DNA was resistant to DpnI (see above). These observations indicate that the amount of fully supercoiled DNA was a valid measure of replicated DNA. For this reason, the DpnI resistance assay was sometimes omitted when replication was clearly evident by the generation of fully supercoiled DNA. Figure 3 contains a tabulation of the results obtained from experiments such as those presented in Fig. 2 . In all cases, the data are normalized to the amount of viral DNA in identically treated samples obtained from cells transfected in parallel with either wild-type or dlA4000 DNA, as appropriate. These findings indicate that the 72-and 21-base-pair repeat regions are each sufficient for supplying a function required for maximal levels of viral DNA accumulation and that the need for this function is more obvious at 18 h than at 40 h posttransfection.
Sequences situated throughout the 72-base-pair repeat region can assist replication. Sequence elements situated throughout the 72-base-pair repeat region are capable of promoting transcription of both the early and the late genes (15-17, 31, 36; Hertz and Mertz, manuscript submitted). To determine whether the sequences required for efficient rep- lication were similarly distributed throughout the 72-basepair repeat region, COS cells were transfected with mutants containing deletions of various parts of the 72-base-pair repeat region as well as all of the 21-base-pair repeat region (Fig. 4 and 5) . Deletion of the 21-base-pair repeat region was necessary since this region enables efficient replication in the absence of the 72-base-pair repeat region (see previous section). The amount of replicated viral DNA was determined as described in the previous section. The results were compared with those obtained with XS3, a mutant lacking only the 21-base-pair repeat region.
Deletion of one copy of the 72-base-pair repeated sequence (Fig. 5 , mutant A72/XS3) or deletion of one copy together with the early end of the remaining copy (Fig. 4 , mutant XS5) resulted in a slight decrease in the accumulation of viral DNA. However, deletion of both copies except for the late-end third of one copy (Fig. 4 , mutant XSB) resulted in an additional fourfold reduction in DNA accumulation. These findings indicate that (i) sequences within the 72-basepair repeated sequence can assist replication, (ii) one copy of the repeated sequence along with the 18 base pairs on the early end of the other copy are expendable for most of this assistance, and (iii) the 25 base pairs on the late end of the remaining copy are not sufficient for this assistance.
In the absence of one copy of the 72-base-pair repeat, deletion of increasing amounts of the sequences on the late side of the remaining copy (Fig. 5 , mutants dl-1747/A72/XS3, dl-1746/A72/XS3, and S-167/XS3 versus mutant A72/XS3) resulted in a gradual reduction in the accumulation of viral DNA. This finding indicates that the portion of the 72-basepair repeat region not included within the repeated sequence can also assist replication.
Much of the data in Fig. 4 and 6 was obtained with promoter mutants that encode wild-type T antigen protein.
However, at 18 h posttransfection, the T antigen protein supplied by the transfecting viral genomes did not significantly affect the accumulation of viral DNA in COS cellscompare SVS (WT) with dIA4000 (WTA) at various times posttransfection in Fig. 3 . Therefore, variations in the concentrations of large T antigen were not a problem in these experiments. We conclude that sequences throughout the 72-base-pair repeat region can assist replication in cis. Sequences situated throughout the 21-base-pair repeat region can assist replication. The 21-base-pair repeat region consists of two perfect copies of a 21-base-pair sequence and a similar 22-base-pair sequence, each of these three sequences containing two copies of a G-C hexamer. The ability of this region to promote transcription progressively decreases as an increasing number of G-C hexamers are deleted (1, 6, 13, 15, 16; Hertz and Mertz, manuscript submitted). To determine how the number of G-C hexamers affects the ability of this region to assist replication, COS cells were transfected with mutants containing deletions of various amounts of the 21-base-pair repeat region as well as the entire 72-base-pair repeat region. Deletion of the 72-base-pair repeat region was necessary for these studies since this region enables efficient replication in the absence of the 21-base-pair repeat region (see above). The amount of replicated viral DNA was determined as described in the previous sections. The results were compared with those obtained with S-232, a mutant lacking only the 72-base-pair repeat region. The results (Fig. 6 ) demonstrate that the ability of the 21-base-pair repeat region to assist replication gradually decreased as less of this region was retained. This finding confirms similar results reported by Bergsma et al. (3) . We DISCUSSION We have examined SV40 mutants containing deletions in the 72-and 21-base-pair repeat regions for cis-acting defects in their ability to replicate their DNA. DNA accumulation was minimally reduced relative to wild type when either the 72-or the 21-base-pair repeat region was deleted; however, DNA levels were reduced up to 100-fold when both of these regions were absent (Fig. 3) . Since either region was sufficient for supplying a function required for efficient replication of viral DNA, the 72-and 21-base-pair repeat regions appear to be functionally redundant for replication. These results confirm those obtained by Bergsma et al. (3) and Fromm and Berg (15) , who had previously shown that the 21-base-pair repeat region is required for maximum levels of viral DNA accumulation in the absence of the 72-base-pair repeat region. In addition, our results extend theirs by demonstrating that the converse is also true. Since this manuscript was submitted, the involvement of the 72-basepair repeat region in replication has also been reported by two other groups of workers (8, 33) .
Both the 72-and 21-base-pair repeat regions contain promoter elements that determine the amount of transcription for both the early and the late genes (4, 6, 13, 16, 17, 23, 24, 31, 36) , although the 72-base-pair repeat region appears to be 10-fold more potent at inducing transcription than the 21-base-pair repeat region (Hertz and Mertz, manuscript submitted). Since the early and the late genes are transcribed in opposite directions (Fig. 1) , these elements appear to induce transcription bidirectionally, although they may have directional biases. The precise initiation sites and perhaps even the direction of transcription seem to be determined by other elements, such as the TATA box (2, 19, 22) and sequences in the immediate vicinity of the transcriptional initiation sites (47) .
Other studies (15, 16 ; Hertz and Mertz, manuscript submitted) show that the deletions we examined decreased transcription qualitatively in the same way they decreased replication. This observation implies that the sequence elements that determine the level of gene transcription also assist viral DNA replication. Nevertheless, dramatic quantitative differences exist: relative to wild type, a given mutation results in (i) the accumulation of viral DNA being decreased less than the accumulation of late RNA and (ii) the accumulation of late RNA being decreased less than the accumulation of early RNA. Similar findings have been observed with the related virus polyoma: transcriptional promoter elements are required for polyomavirus replication (9, 34, 51, 53) , but they are functionally redundant and needed in fewer copies than for transcription (37, 51, 53) .
We propose two hypotheses to explain the relative effects that these mutations have on replication and transcription. The first is that these cis-acting elements participate in the rate-limiting event for early-gene transcription, but do not participate in the rate-limiting event for DNA replication; the rate of late-gene transcription would have a larger dependence on these elements than would the rate of DNA replication, but a smaller dependence than would the rate of early-gene transcription. The second hypothesis is that transcriptional promoter elements cannot assist replication when they are placed a large distance from the core region of the replication origin. This latter hypothesis could be readily tested with a mutant containing a substitution of the 21-basepair repeat region. With this mutant, the 72-base-pair repeat region would not be adjacent to the core region, as it is with the deletion mutants S-232 and XS13 (Fig. 3) . Therefore, if this hypothesis is valid, the substitution mutant would be defective in the accumulation of viral DNA even though the 72-base-pair repeat region would still be present.
Most likely, aspects of both these explanations are involved; although these elements may function most efficiently when spaced certain distances from the elements with which they interact, they may also function over a wide range of distances. In the case of transcription, this hybrid model appears to be valid. Both the 72-base-pair repeat region and the G-C hexamers of the 21-base-pair repeat region can induce transcription from a specific initiation site when positioned at varied distances from that site; however, they function optimally when positioned within a narrow range of distances upstream from the site (1, 13, 36, 55) . For example, the ability of the 72-base-pair repeat region to induce transcription from a specific site rapidly declines as it is moved more than 100 base pairs upstream of that site, even though it still enhances transcription over distances of several thousand base pairs (55) .
Similarly, the ability of the 72-and 21-base-pair repeat regions to assist replication rapidly declines as these regions are moved as a unit greater than 100 base pairs from the core region (27) . However, Reisman et al. (43) The different positional effects seen in SV40 and EBV replication origins are actually consistent with our expectation that positional effects should vary depending on the strength of the promoter region and the activity of the core region. For example, the origin of SV40 appears to have a very active core region since it replicates many times per cell cycle. Therefore, the activity of the promoter region should be rate limiting for SV40 replication, unless the promoter region is strong and in proximity with the core region. The EBV origin characterized by Reisman et al. (43) Second, the replication rate of wild-type DNA starts to decline (i.e., DNA accumulation is no longer exponential) as early as 24 h postinfection (unpublished data). This decline is probably due to (i) the sequestering of DNA templates into virions, (ii) the saturation of the replication machinery with viral DNA, and (iii) the cytopathic effects caused by the virus infection. These mutants are defective in the transcription of the late genes, which code for the virion proteins; therefore, the mutant genomes should be inefficiently sequestered into virions, and these mutants should inefficiently induce cytopathic effects (39) . Also, since the mutant DNAs replicate inefficiently, the replication machinery should be saturated less quickly than during a transfection with wildtype DNA. Therefore, the replication rate of mutant DNAs probably starts to decline at later times than the replication rate of wild-type DNA. Thus, differences between the accumulation of wild-type and mutant DNAs may actually decrease with time rather than increase, as would be expected for exponentially replicating DNA.
This scenario actually did occur, as can be seen from a comparison of cells transfected with the wild type and with mutant XS6 (carrying deletions of both the 72-and 21-basepair repeat regions). At 18 h posttransfection, the accumulation of viral DNA in cells transfected with XS6 was 100-fold less than the accumulation in cells transfected with the wild type; however, at 40 h posttransfection, the accumulation of XS6 DNA was only 10-fold less than the accumulation of wild-type DNA (Fig. 3, experiment 1 ). Since Bergsma et al. (3) had measured DNA accumulation at 48 h posttransfection, this observation explains why they found that deletion of both the 72-and 21-base-pair repeat regions decreased DNA accumulation only fivefold. Because their viral constructs did not code for the virion proteins, the small size of this decrease would be attributed to the saturation of the cellular machinery with viral DNA.
In conclusion, the 72-and 21-base-pair repeat regions contain functionally repetitive elements which are required both for efficient replication of viral DNA and for bidirectionally inducing transcription. Perhaps it is not surprising that replication has a dependence on cis-acting elements involved with transcription since DNA replication is primed by RNA (26) . However, given that the primase responsible for initiating DNA replication is different from the polymerase responsible for synthesizing mRNA (29, 30, 45, 50, 58) , it is not clear what precise role these transcriptional promoter elements play in the initiation of viral DNA replication.
